hours after birth, and the infant was admitted to the neonatal ward for assessment. He appeared extraordinarily muscular, with protruding muscles in his thighs (Fig. 1A) and upper arms. With the exception of increased tendon reflexes, the physical examination was normal. Hypoglycemia and increased levels of testosterone and insulin-like growth factor I were excluded. Muscular hypertrophy was verified by ultrasonography when the infant was six days of age ( Fig. 1B and 1C) . Doppler echocardiography and electrocardiography performed soon after birth and every six months thereafter were consistently normal. At 4.3 years of age (body-surface area, 0.78 m 2 ), the child had a pulse rate of 95 beats per minute, a left ventricular ejection fraction of 70 percent, fractional shortening at the midwall of 56 percent, and a cardiac output of 2.81 liters per minute, with a left ventricular measurement of 3.42 cm during diastole (50th percentile) and 1.99 cm (25th percentile) during systole and respective septal measurements of 0.59 cm (75th percentile) and 0.81 cm (75th percentile).
The stimulus-induced myoclonus gradually subsided after two months. The child's motor and mental development has been normal. Now, at 4.5 years of age, he continues to have increased muscle bulk and strength, and he is able to hold two 3-kg dumbbells in horizontal suspension with his arms extended.
Several family members ( Fig. 1D ) have been reported to be unusually strong. Family member II-3 was a construction worker who was able to unload curbstones by hand. The 24-year-old mother of the child (III-5) appeared muscular, though not to the extent observed in her son; she did not report any health problems. No family members aside from the mother were available to provide samples for genetic analysis. The arrowheads in Panel A indicate the protruding muscles of the patient's thigh and calf. In Panel B, an ultrasonographic transverse section (linear transducer, 10 MHz) through the middle portion of the thigh reveals differences between the patient and a control infant of the same age, sex, and weight. VL denotes vastus lateralis, VI vastus intermedius, VM vastus medialis, RF rectus femoris, and F femur. In Panel C, retracings of the muscle outlines and results of the morphometric analysis of the muscle cross-sectional planes of the two infants also reveal marked differences. Panel D shows the patient's pedigree. Solid symbols denote family members who are exceptionally strong, according to information in their clinical history. Square symbols denote male family members, and circles female family members.
The study was approved by the institutional ethics review committee of the Charité, University Medical Center Berlin. Written informed consent was obtained from the child's mother as well as from the parents of all control subjects. Investigations were conducted in accordance with the Declaration of Helsinki (2000) .
All three exons of myostatin and flanking intron sequences (GenBank NT_022197) were amplified from genomic DNA by means of the polymerase chain reaction (PCR) with the following oligonucleotides: exon 1 forward primer, 5'ATT-CACTGGTGTGGCAAGTTG3'; exon 1 reverse primer, 5'CAGCAGAACTGTTGATATACACTAAT-AGG3'; exon 2 forward primer, 5'GTTAATGGG-AAATAATTTCAGCAAC3'; exon 2 reverse primer, 5'AGGTTATTATAATGTTATTTTCAGTTATCAC3'; exon 3 forward primer, 5'CAGGCCTATTGAT-ATTACTGATTGTTC3'; and exon 3 reverse primer, 5'GACTGTAGCATACTCTAGGCC-TATAGCC3'. The samples were then subjected to bidirectional automatic sequencing (BigDye Terminator, Applied Biosystems), and the presence of the g.IVS1+5 g˚a mutation was verified by a primer-induced restriction assay with the forward primer 5'CAAAGCT-CCTCCACTCCGG3' and the reverse-mismatch primer (mismatch underlined) 5'CAGCAGAACTG-TTCATATACACTAATAGGTCTA3'. Total RNA was extracted from Epstein-Barr virus (EBV)-immortalized lymphoblastoid cells with TRIzol and reversetranscribed with Superscript III (Invitrogen). Several primer combinations across the boundary between exon 1 and exon 2 were used: 5'CATGCAAAAAC-TGCAACTCTGTGT3' (P1F), 5'AAATGAGAACAGT-GAGCAA3' (P2F), 5'CAAAGCTCCTCCACTCCGG3' (P3R), and 5'ATCCATAGTTGGGCCTTTACTACT-TTA3' (P4R). As the reverse-transcribed control, HPRT was coamplified in a multiplex PCR (primers, 5'CCTGCTGGATTACATTAAAGCACTG3' and 5'CCTGAAGTATTCATTATAGTCAAGG3').
An 8.4-kb DNA fragment spanning the entire human myostatin gene from the 5' end of the messenger RNA (mRNA) to a site 1.4 kb downstream of the polyadenylation signal was cloned into pCMV5 and MDAF2 vectors, and the mutation was introduced by site-directed mutagenesis. COS-7, Chinese-hamster-ovary, and A204 rhabdomyosarcoma cells were transiently transfected with wild-type or mutant plasmids. Cells were cotransfected with plasmid containing a secreted myc-tagged protein as a transfection-efficiency control and with an expression construct for the furin protease paired dibasic amino acid-cleaving enzyme to improve processing of the precursor myostatin protein. 14 Conditioned medium was concentrated, separated by reducing sodium dodecyl sulfate-polyacrylamide-gel electrophoresis, and transferred onto a membrane. Myostatin was detected with the use of polyclonal antibodies against a C-terminal domain. 1 The control myc-tagged protein was detected with the use of a monoclonal antibody against myc.
RNA from transiently transfected cells was treated with DNase I (Invitrogen) and amplified by means of reverse-transcriptase PCR with P2F and P4R primers. Wild-type and mutant bands were excised from the agarose gel, purified, and sequenced. The relative abundance of the wild-type and mutant bands was determined by measuring the relative fluorescence after amplification with a FAM-labeled P4R primer on an ABI 3100 gene scanner (Applied Biosystems).
For immunoprecipitation and Western blotting, (0.18 cm vs. 0.36±0.06 cm). There was no significant difference in the diameter of the femoral bone between the patient and the controls (0.57 cm vs. 0.50±0.13 cm). The echogenicity of the muscle was normal, with no indication of fibrosis or deposition of fat tissue (Fig. 1B and 1C ).
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molecular biology
The phenotype of our patient was reminiscent of the increased muscling and decreased adiposity reported in mice 1,16-18 and cattle 10-13 with loss-offunction mutations in the myostatin gene. Therefore, we sequenced all exons and flanking intron regions of the gene in the patient and his mother. Although no mutations were detected in the coding region, a g˚a transition at nucleotide g.IVS1+5 was present in both alleles of the patient and one allele of his mother. The mutation was confirmed by restriction analysis ( Fig. 2A ) and was absent in 200 alleles from control subjects with a similar ethnic background, thus excluding a common polymorphism. The presence of this mutation raised the possibility of missplicing of the myostatin precursor mRNA in the patient, since the +5 position at the splice donor site is a common location for splicesite mutations in humans. 19 When we applied the scoring method of Shapiro and Senapathy 20 to analyze the degree of matching between the sequence of the splice donor site of intron 1 with the corresponding consensus sequence (AG//gtrag), the score dropped from 79.4 (wild type, GT//gtaagt) to 65.0 (mutant, GT//gtaaat), indicating that missplicing is likely.
In order to investigate the effect of this mutation on the maturation of the myostatin mRNA, we generated genomic wild-type and mutant constructs for the expression of human myostatin mRNA in cultured muscle and nonmuscle cells and performed reverse-transcriptase PCR on RNA isolated from the transfected cells. PCR across the boundary between exon 1 and exon 2 yielded a single band of 405 bp for the wild-type construct. For the mutant construct, however, we detected two PCR products, a faint band equivalent in size to that obtained after transfection of the wild-type construct and a major novel product of higher molecular weight (Fig. 2C) . This product contained an insertion of the first 108 bp of intron 1 (including the g.IVS1+5 g˚a mutation) and resulted from the activation of a cryptic splice site within intron 1 (at//gtaagt) (Fig. 2D) . Quantification of the relative intensities of the major and minor bands obtained from these PCR reactions showed that 68.8±0.032 percent (three samples) of the myostatin mRNA from the mutant construct was misspliced (Fig. 2C) . The misspliced mRNA is predicted to give rise to a severely truncated protein, since the 108-bp insertion adds a single lysine residue followed by a premature termination codon.
Consistent with the results of RNA analysis, myostatin protein was detected only in the conditioned medium from COS-7 cells transfected with the wild-type construct, whereas it was virtually absent in cells transfected with the mutant construct (Fig. 3A) . Similar results were obtained with other cell lines, including Chinese-hamster-ovary cells and A204 rhabdomyosarcoma cells (data not shown).
We also sought to confirm the effect of this splice-site mutation in samples from the patient. Because we lacked a muscle-biopsy specimen, we examined myostatin mRNA from the patient's EBVimmortalized lymphoblastoid cells. These cells tend to express low levels of illegitimate transcripts, not normally present in blood cells. Illegitimate transcription proceeds through the normal promoters and may be used for the detection of mutations on the mRNA level if specific tissue is unavailable. 21 We did not find any myostatin products in cells from the patient (Fig. 2B) . We believe that general degradation of mRNA is an unlikely explanation for this negative result, since we were able to detect similar levels of transcripts of a housekeeping gene ( HPRT ) in the patient and controls. Mutant transcripts may be specifically degraded through nonsense-mediated messenger decay, since the premature termination codon is located upstream of a spliceable exon. 22 Finally, we attempted to measure myostatin levels in the patient's serum samples. Myostatin is readily detected by Western blotting in serum samples from mice. 3 Similar approaches have proved much more difficult in human serum samples, presumably because humans have lower circulating myostatin levels. Using an antibody against myostatin, we first concentrated myostatin in serum samples by immunoprecipitation and then detected its presence with a second antibody against the propeptide region. We opted for the antibody directed against the propeptide (L8825), since it binds more tightly and picks up smaller amounts of protein than the antibody against mature myostatin. We identified a band at approximately 36 kD in rat serum, corresponding to myostatin propeptide. It was present to a lesser degree in the serum samples from age-and sex-matched control subjects but was absent in the patient's serum (Fig. 3B) . Since the molar ratio between propeptide and mature myostatin in serum is approximately 1:1, 15 we conclude that the absence of the propeptide indicates the absence of mature myostatin in the patient.
These results strongly indicate that our patient has a loss-of-function mutation in the myostatin gene, thus suggesting that the inactivation of myostatin has similar effects in humans, mice, and cattle. So far, we have not observed any health problems in the patient. Since myostatin is also expressed in the heart, 23 we have closely monitored our patient's cardiac function but have not yet detected any signs of cardiomyopathy or a conduction disturbance. However, at 4.5 years of age, our patient is still too young for such abnormalities to be ruled out definitively. Our results suggest the possibility that muscle bulk and strength could be therapeutically increased by the inactivation of myostatin in patients with muscle-wasting conditions. Supported by funds from the parents' self-help group Helft dem Muskelkranken Kind, Hamburg e.V. (to Drs. Schuelke and Hübner), and by grants from the National Institutes of Health (R01HD35887 and R01CA88866, to Dr. Lee, and K08NS02212, to Dr. Wagner) and the Muscular Dystrophy Association (to Dr. Wagner). Dr. Hübner is a member of the Network on Muscular Dystrophies (01GM0302), which is funded by the German Ministry of Education and Research, Bonn, Germany.
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